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Introduction
may also emit dust which pollutes the air. Tailings dams occupy vast lands which could have been used for productive purposes and they distort the natural aesthetics of their environments. The closure of tailings dams can be a costly procedure if intensive dewatering is required for the cover system to be constructed. Due to these challenges, technologies that dewater tailings prior to disposal are gaining more recognition.
Dewatered tailings are also referred to as paste or thickened tailings. A paste is a solid-liquid mixture which produces little or no bleed water on deposition. Thickened tailings have higher initial consolidation due to less water content. Tailings paste can also be used as underground backfill material to support openings which are caused by mining (Saw & Villaescusa 2013) . They minimise mine subsidence and can function as a load-bearing mechanism to allow for pillar recovery. Paste and thickened tailings technology has been successfully implemented in various places such as Kimberly diamond mine in South Africa. Due to the low volumes and high shear strength of the dewatered tailings, the option of discarding the tailings without necessarily constructing a conventional tailings dam has been considered . In addition to recovering water, mines can also recover metals from tailings.
DRDGold was one of the first mines in South Africa to abandon underground mining and focus on tailings mining. The gold tailings reserve has a potential of giving the mine an 82% boost (Solomonds 2018) . The tailings currently yield 120 kg or 3,800 oz of gold per month. Tailings associated with cassiterite deposits (a source of tin) contain rare earth metals (REM) (Szamalek et al. 2013) . REM are used to manufacture electronic goods like televisions, cameras, mobile phones, computers, batteries and wind turbines. REM are highly sought after. Previously, REM could only be found in China but since cassiterite tailings have been identified as a potential source this will improve the availability of the metals and possibly reduce their price. Tailings can also contain high concentrations of base metals like copper, lead, nickel and zinc (Falagan et al. 2017) . Base metals are used to manufacture glass, ceramics, coating and glazers, among other construction materials.
Due to the high demand for metals, there is a need for technologies that can be used to economically extract minerals from tailings. In electrokinetics the same principles that are used to recover metals from tailings can be used to recover water. Tailings dewatering systems have not successfully gained the attention of the mining industry because of the associated costs. Technologies that can couple dewatering and mineral extraction are likely to gain more recognition. Dewatering technologies ought to have a function that increases mineral productivity to avoid becoming an additional operating cost to the mine.
Tailings dewatering techniques
There are several methods which can be used to thicken tailings prior to their disposal. Table 1 makes a comparison of solids concentration between conventional and thickened tailings. The concentrations shown are mean values from several case studies. The solids content in thickened tailings depends on the particle distribution and shape, mineralogy and dewatering method used. From the table it can be observed that significant increases in solids content can be achieved from dewatering gold, base metals and bauxite but the thickening of mineral sands is marginal. Pre-trial tests are necessary to determine the suitability of using a given method for dewatering specific tailings. The test results should provide information on the optimum parameters for the process like pH, temperature, duration, salinity, dosage and other design parameters. The techniques commonly used to dewater tailings are explained in more detail in the following subsections.
High rate thickener
A high rate thickener is a tank which separates liquids from solids by exploiting their differences in density and settling velocity. It consists of rotating rake arms, a feed pipe, an overflow and an underflow outlet. The tailings slurry is delivered through the feedpipe. Thereafter, environmentally safe polymers are added to bind and settle the solids. The rotating rake arms move the settled sludge towards the underflow where it is discharged. The clarified water is channelled through the overflow and recycled back to the plant. There are different types of high rate thickeners which are manufactured to meet the varying demands of the mining industry. These include the deep cone, tilted plate and hydraulic motor driving centre thickener (Xinhai Mineral Processing 2019). The deep cone thickener has a large cone angle which increases the underflow concentration by up to 70%. The tilted plate thickener has a tilted plate in the sedimentation area which reduces the tank height. The reduced tank height improves the system performance by 2-3 times. The hydraulic motor driving centre thickener has a central hydraulic and electric system which automatically controls the rake speed so as to achieve high solid concentrations. Advantages of using high rate thickeners include low energy consumption, high efficiency and low operation and maintenance costs. Figure 1 illustrates a typical high rate thickener. 
Filter press
A filter press is a machine that expels water from a slurry by applying pressure. It mainly consists of a frame, filter plates, manifold and filter cloths. The frame acts as the filter plate holder. The filter plates are used to squeeze the sludge. The plates are covered with a filter cloth which is the surface on which the filter cake is formed. The manifold is a network of pipes, valves and filtrate discharge ports. When the slurry is pumped into the filter press, the filter cloth forms a cake layer by trapping the solids but allowing the liquids to flow through it. The filter cake will continue to build with increase in pressure. The fill cycle is completed when the chambers are filled. At this point the pressure applied on the plates is released to allow the plates to separate and the filter cake to fall by gravity. The expelled water or filtrate is collected by the filtrate ports and discharged through a single filtrate outlet. Filter presses vary in size from small machines for minor operations to heavy machines which handle large volumes of sludge. The choice of a filter press is a function of the tailings volumes to be handled and the physio-chemical properties of the tailings. Figure 2 illustrates a filter press machine. 
Decanter centrifuge
A decanter centrifuge uses high rotational speed to separate components according to their density (Alfa Laval 2018). In tailings management, it is used to separate solids from liquids. The process involves pumping the tailings into the decanter where they are collected in a rotating bowl. The dense solids collect on the bowl walls and are settled out via an opening. The filtered water is discharged through a separate outlet. The decanter has an in-built gearbox which can be adjusted for different rotation speeds. Advantages of using a decanter centrifuge are that it is portable, fairly easy to use and requires a small working area. The typical long section of a decanter centrifuge is portrayed in Figure 3 . 
Geosynthetic tube
Geosynthetic tubes or geotubes are containers which can be used to recover both metals and water. The tailings are pumped into the geotube and then polymers are added to bind the solids and separate them from water. The clear filtered water drains through the tubes, is collected and recirculated. The dewatered tailings can be stored in the geotube containers which controls dust emissions and also eliminates erosion due to wind and water. Geotubes can achieve a volume reduction of up to 50%. Geotubes can also be used to recover metals from tailings through heap leaching. The process involves placing the tailings-filled geotube on a lined heap leach pad with a drainage channel. A lixiviant solution is then applied to dissolve the metals from the tailings. The leachate is collected and the metals are recovered through a series of further chemical reactions. Figure 4 depicts sludge that was dewatered by a geotube. 
Electrokinetics
Under suitable conditions, electrokinetics results in the movement of water from the anode to the cathode due to the influence of an electrical current. Early applications of electrokinetics in tailings management included dewatering of coal tailings (Lockhart 1986 ). Relatively inexpensive materials were used as electrodes like aluminium, copper and steel. The greatest impediment was the rapid corrosion of anode materials which needed constant replacement (Kalumba & Glendinning 2006a) . Corrosion resistant alternatives have been developed. These include the use of stainless steel, coating the electrodes with titanium, electrical vertical drains or use of electrokinetic geosynthetics (EKGs). Although stainless steel electrodes are durable, they are costly more so for large scale tailings dewatering applications. Electrical vertical drains consume high levels of voltage which also has cost implications (Chew et al. 2004) . Titanium covered electrodes require recoating on a regular basis and this can be cumbersome for long-term projects. EKGs are more economic, durable and have greater electrical contact with tailings compared to other electrodes (Kalumba et al. 2009 ).
Electrokinetics is also used in filter bags and belt filter press equipment for dewatering. Filter bag material consists of conducting elements which become the system's cathode. They also have a central anode to complete the electrocell. Electrokinetic filter bags are used when the tailings volumes are moderate. For large tailings volumes the electrokinetic belt filter press is more appropriate. Typically, the upper belt is formed as the anode while the lower is the cathode through which the water is filtered away as shown in Figure 5 . The belts enclose a series of drums and rollers which squeeze the tailings to expel the water (Lamont-Black et al. 2007) . Dewatering with the electrokinetic belt filter press combines both electroosmosis and pressure; two processes which result in a cake discharge with high solid content. 
Metal extraction methods
Tailings are not entirely composed of waste material but rather they are potential mineral reserves. Some of the techniques used to recover metals from tailings are described in the following sections.
Washing
The tailings are washed with metal absorbing thickeners and the metals are then removed from the thickener overflow (Adams & Lloyd 2008) . Thickeners are applied at a high rate to ensure metal-tailings separation. The process also produces clear water which can be recycled. Advantages of soil washing include high metal recovery and short process duration compared to other methods. In gold mines, washing is also used to recover cyanide. Cyanide is the single most expensive input required for gold extraction and mines consume large quantities of it. If not handled properly, cyanide can contaminate the environment. It can be recovered together with other metals by washing. Recycling of cyanide reduces operating costs and minimises the risk of land and water pollution. Mobile washing plants are available. Their main advantage is that they can be easily transported around a mine on any given terrain (United States Environmental Protection Agency 1997).
Overall, washing can be used to recover three elements; metals, chemicals and water. Figure 6 illustrates a mobile tailings washing plant. 
Electro migration
Electro migration or electrolysis is a technique which uses an electric field to recover metals. The tailings are first dissolved in an acidic or alkaline reagent and filtered (Fosso-Kankeu et al. 2015) . The suitable reagent for the specific tailings can be determined from a series of tests or based on previous studies. An electric cell is then formed by introducing electrodes and applying a voltage to extract metals from the filtrate. The extracted metal forms a precipitate at the cathode, the precipitate is collected and dried at high temperatures. The composition can be assessed using an X-ray diffraction (XRD), an X-ray fluorescence (XRF) or a scanning electron microscope. Parameters that should be established from a laboratory pre-trial are the optimum voltage, duration for both the dissolution and electro migration stages and the reagent pH (Kalumba & Glendinning 2006b ). Electro migration was used to recover 99.9% tin with a lead cathode, a tin anode and hydrogen chloride electrolyte (Gergo et al. 2012) . A laboratory experiment which used a tin anode, an iron cathode and hydrogen chloride electrolyte yielded a low 9% recovery (Jumari et al. 2018) . The type of electrodes has a significant bearing on the amount of material recovered. Figure 7 shows the extraction of aluminium from aluminium oxide using graphite electrodes. 
Chemical precipitation
The process involves dosing the tailings with metal-absorbing chemical reagents like ligands surfactants, salts, acids and bases (Dermont et al. 2008 ). The metals precipitate into an insoluble salt which can be removed from the tailings by sedimentation or floatation. Recovery of metals by chemical precipitation depends on the properties of the chemical reagent, processing time, pH, type and concentration of target metal. Chemical methods can be used to extract tailings from very fine tailings where other methods would not be applicable. Chemical precipitation should be implemented when the tailings geochemistry is well understood so that the appropriate reagent is used. Geochemistry includes several properties like particle size of tailings, capacity to exchange cations and buffering capacity. The major disadvantage of chemical methods is the high cost of chemicals. Also, the toxicity of the chemicals poses an environmental risk. Chemical precipitation can be used to extract REM from oil sand tailings as depicted in Figure 8 . 
Bioleaching
Bioleaching is a technique which uses bacteria to oxidise sulphide minerals. Metal-absorbing bacteria include prokaryotic microorganisms, which are tolerant to acid (acidiphilic), metals (metaphilic) and temperature (thermophilic) (Dermont et al. 2008) . Bioleaching can be performed under oxidative conditions, where prokaryotic microorganisms are used, or reductive conditions, where an extra metal is added to donate electrons to the microorganisms. This versatility makes the system applicable to a wide range of metals. Bioleaching was used to extract copper from tailings in Spain and Serbia as illustrated in Figure 9 . The highest recovery rate was 84-90% at a temperature of 45°C and an acidic pH of 1 (Falagan et al. 2017 ). 
Physical methods
Physical methods separate metals from tailings based on their physical attributes like particle size, settling velocity, density, hydrophobic properties, electrical conductivity and magnetic properties. Compared to other techniques, physical methods are considered to be the most economical and easiest to implement. The mineralogy of the tailings should be known in order to select the appropriate method (Kalumba & Glendinning 2006b ). The method works well when the density of the target metal is significantly different from that of the tailings. Physical methods cannot be used when the metals are chemically embedded into the tailings or when the tailings have a high fines content. They are appropriate for tailings with at least 50-70% coarse aggregates. Table 2 outlines the most commonly used physical methods in metal extraction. 
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Application of electrokinetics in dewatering and extraction of metals from tailings
Theory of electrokinetics
The preceding discussions have highlighted the use of electrokinetics in both dewatering and mineral extraction. One of the earliest electrokinetics experiments was conducted by Reuss (1809) . The apparatus consisted of a U-tube, ground quartz, water and an electricity supply (Horwitz 1939 ). The powdered quartz, which represented a soil media with voids, was placed at the bottom of the tube. Under the influence of an electric current, the water moved from the anode to the U-tube arm representing the cathode as shown in Figure 10 . Electrokinetics exploits the electrical conductivity of particles, liquids and ions. When an electric current is applied in a soil containing fluids, it activates four main processes namely; electro migration, electrophoresis, electrokinetic hardening and electroosmosis (White et al. 2008) . Each of these processes has its own unique effect on the soil-fluid composition. Electro migration describes the movement of ions. Most metal ions are positively charged cations, hence they move towards the cathode. Electrophoresis is the movement of solids. Electrokinetic hardening results in stiffening of the tailings and this increases the shear strength of tailings impoundments. Electroosmosis is the flow of water in the tailings from the anode to the cathode. Water is oxidised at the anode which produces oxygen gas as demonstrated by Equation 1. It is reduced at the cathode which generates hydrogen gas as shown by Equation 2. 
Viability of dewatering tailings with electrokinetic
Not all tailings can be dewatered using electrokinetics hence characterisation tests are needed to assess the feasibility thereof. The coefficient of electroosmotic permeability (ke) and the electroosmotic coefficient of water transport (ki) are the two main parameters used to determine whether electrokinetic dewatering is possible. The electroosmotic permeability given by Equation 3 depends on a number of factors that include the tailings mineralogy, the void ratio, the applied voltage and current (Shang 1997 ). These factors affect the electroosmotic permeability as follows:
 Porosity (n): The flow of water is a function of the voids in the tailings. Dewatering normally starts at a high rate but as the volume of voids decreases and the tailings compact the value of ke and the flow rate also decreases.
 Water permittivity ( ):
It is the weakening of the electric field which is caused by an increase in salinity or hydraulic conductivity of the water.
 Zeta potential (ζ): The zeta potential is a variable parameter which depends on the salinity of the water and its pH. Tailings normally have a high negative zeta potential, and this is ideal because it indicates a high potential for flow. Increasing the pore water salinity reduces the zeta potential (Pugh 2002) . J can be computed using Equation 6:
The ratio ke/ki increases with decrease of void ratio. A high ke/ki ratio also increases the consolidation rate.
Electrokinetics dewatering should only be used if it can be proven that the electroosmotic flow (Qe) is greater than the hydraulic flow (Qh). Qe is given by Equation 7: =
where: ke = coefficient of electroosmotic permeability (m 2 /sV). The coefficients ke and ki can be measured using an electroosmotic test cell. The electroosmotic cell basically comprises of a cell, electrodes, load application device, electricity supply, water circulation system, monitoring and data gathering system. The electroosmosis test procedure begins by placing the tailings of known weight in the electroosmotic cell and measuring the height. A surcharge load is then applied to consolidate the tailings. With the electrodes in place the power supply is switched on and electroosmosis begins. The electroosmosis test can be conducted over the required period and the volume of water at the cathode measured at fixed time intervals. When the test is complete, other parameters that should be measured include the voltage gradient between the cathode and anode and within the soil mass. The final height and weight of tailings is measured and compared with the initial, leading to the calculation of the amount of water drained. The test can also be used to measure voltage losses which occur at the tailings-electrode interface (Shang 1997) . Figure 11 illustrates a typical electroosmotic test cell.
Figure 11 Electroosmotic test cell (Hamir 1997)
The hydraulic conductivity (kh) is another important parameter in dewatering applications because it influences the flow of water. Electrokinetics cannot be economically applied on tailings that have a high hydraulic conductivity because they demand higher voltage which in turn will escalate the project costs. Electroosmosis should only be used when the tailings hydraulic conductivity is in the range of 10 -10 to 10 -8 m/s (Shang 1997 ). The hydraulic conductivity can be measured with a constant head test whereby water from a constant head reservoir flows upwards through the tailings under a low constant gradient (Qui & Sego 2000) . Paste 2019, Cape Town, South Africa Electrokinetics accelerates the consolidation of tailings by creating negative pore pressure (U) which can be determined using Equation 9:
where: U = negative pore pressure (kPa). A low kh value corresponds to a high value of U. The negative pore pressure increases the effective stress and hence the consolidation rate (Badv & Mohammadzedeh 2015) .
Viability of extracting metals with electro migration
Electro migration is an electrochemical process whereby an electrolytic cell is used to convert electrical energy to chemical energy. An electrolytic cell is not very different from the electroosmosis cell described in Section 4.2. It consists of an electrolyte and a positive anode electrode and a negative cathode electrode. The process involves breaking down the ionic substance into charged ions. Positive ions migrate to the cathode where a chemical reaction occurs that causes them to lose one or more electrons (Kalumba & Glendinning 2006b ). As a result, the positive ions become neutral atoms or molecules. The same process happens at the anode where negative ions gain electrons and either attain a higher charge or are converted into molecules. The main element in electro migration is the formation of metal molecules which can then be extracted from the cell.
Electrolysis can be used to extract a wide range of metals, but it is not recommended for all metal types. Metals that are more reactive than carbon in the reactivity series can be recovered using electrolysis. These mainly include aluminium, magnesium, calcium, sodium and potassium. Precious metals that can be recovered with electrolysis are gold, silver, platinum, palladium and rhodium, among others (Wiaux 1990) . The mineralogy of tailings should be examined to assess the suitability of extracting with electrolysis. This can be achieved by an XRD or an XRF analysis. The mineral composition is also used to determine the appropriate electrolyte. The electrolyte should be able to dissolve the metal ions from the ore.
Metal extraction by electro migration is a two-stage process which begins with dissolution where the tailings are dissolved in a preheated acid or base solution (Jumari et al. 2018) . The solution is then agitated at a predetermined speed to ensure complete dissolution. If the particles are large, they will require a longer time to dissolve, hence they consume more energy. The energy can be computed using Equation 10:
where: E = energy (KWh).
V = voltage (V). I = current (A). t = processing time (h).
A longer experiment demands more energy which would make the system uneconomic (Ntumba et al. 2014) . For this reason, electrolysis is normally recommended for fine-grained tailings because they have a low dissolution period.
Considerations in the design of an electrokinetics system

Voltage requirements
Low voltage gradients are more economical, but they slowdown the process. High voltages speed up the process but raise the water pH making it more corrosive to the electrodes (Veal et al. 2000) . For optimum performance, the system can start with a high voltage which is then reduced gradually (Kalumba & Glendinning 2006b; Lockhart 1983 ). The efficiency of using electrokinetics is governed by the power consumption (P) which is defined as the energy required to treat one cubic meter of soil for a period of one hour (Guo 2012) . P can be computed using Equation 11: The applied current should remain constant for optimum performance. A constant voltage reduces the current which in turn slows the system (Glendinning et al. 2010) . When a constant current is applied, the flow rate is unaffected by material cross-sectional area and thickness.
Management of collected water
The water which collects at the cathode might recirculate and flow to the anode if not carefully managed. This backflow will also affect the tailings consolidation. There are two means which can be used to discharge the water; either by draining through the bottom or through a discharge well. A study by Yee & Kaniraj (2010) demonstrated that the drainage well was the most effective of the two. Results of an electroosmotic test yielded 17 and 22% water reduction for the drainage bottom and drainage well respectively. The main reason for the higher efficiency is that in the drainage well setup, the distance between the electrodes is reduced hence the water is discharged more rapidly as shown in Figure 12 . 
Polarity reversal
Polarity reversal occurs when an electrode which had been designed as an anode begins to serve as a cathode and vice versa causing the water or metal ions to flow in the reverse direction (Shang 1997) . A suitable electrode should be able to continue to function when polarity reversal occurs. Without polarity reversal, the level of dewatering can be insignificant (Casagrande 1952) . A key function of polarity reversal is that it can reverse differential settlement, thus improving the stability of tailings dams (Gray & Somogyi 1977) . Polarity reversal controls the pH which minimises corrosion of the electrodes. It also improves the hardening of tailings (Shang 1997) .
Contact area of electrodes
The contact area between tailings and electrodes should be maximised to ensure efficiency of system performance. Maximum contact can be achieved by using the highest possible number of electrodes. The oxygen and hydrogen gases which are produced at the anode and cathode electrodes respectively by the electrochemical reactions should be removed from the system. If left to accumulate, they can reduce the electrical contact between the electrodes and the tailings which would undermine the system's productivity ).
Optimum parameters
Electro migration requires a series of tests to be conducted to determine the optimum parameters of the stirring speed, temperature and duration of dissolution and electrolysis. Generally, metal recovery has a linear relationship with the electrolysis duration. Dissolution increases with temperature and is more effective when the tailings have small particle sizes of less than 75 m (Ntumba et al. 2014) . Electro migration reactions at the electrodes change the pH or solubility of the material but this can be avoided if the optimum conditions are used (Van Cauwenberghe 1997).
Conclusion
Due to the increasing demand for metals, mines currently produce higher tailings volumes than ever before. The fineness of tailings has also been increased by modern mining equipment used for ore processing. It is becoming more difficult for fine-grained tailings to dewater naturally because of their very low permeability. Dewatering techniques which produce filtered and thickened tailings are a promising solution but their usage by mines is still very low. One of the ways which can be used to upsurge the implementation of tailings dewatering technologies is to incorporate a mineral recovery function. REMs, base metals, precious metals and residues of the target metals are some of the minerals which can be extracted from tailings. Technologies which can perform the dual function of extracting both water and minerals from tailings are crucial. This paper has examined the plausibility of using electrokinetics to recover the two elements. The fundamental configuration for both electroosmosis and electro migration is the application of a potential gradient between the electrodes which will either cause the water to flow (dewater) or ions to move (metal extraction). There is need for further research in this area so that the technology can be scaled up to a practical sized operation.
